At least in mammals, we have some understanding of how caspases facilitate mitochondria-mediated cell death, but the biochemical mechanisms by which other factors promote or inhibit programmed cell death are not understood. Moreover, most of these factors are only studied after treating cells with a death stimulus. A growing body of new evidence suggests that cell death regulators also have 'day jobs' in healthy cells. Even caspases, mitochondrial fission proteins and pro-death Bcl-2 family proteins appear to have normal cellular functions that promote cell survival. Here, we review some of the supporting evidence and stretch beyond the evidence to seek an understanding of the remaining questions.
Introduction
The mitochondrion apparently originated from a proteobacterium that eventually took up permanent residence in a eukaryotic cell (Dyall et al., 2004) . Eukaryotic cells developed a dependence on this invader, as mitochondria are essential organelles for survival and propagation of animal cells. Mitochondria are conceivably also the most logical mediator of programmed cell death. Current debates revolve around the mitochondrion's role in cell death. Did cell death originate because it was the method of choice for an intracellular bacterium to escape the eukaryotic cell? Perhaps it evolved to promote survival of single-cell species through selective pressures involving a long disputed evolutionary hypothesis called 'group selection', or these death-promoting properties of mitochondria were harnessed at some later time for the purpose of sculpting complex multicellular structures (Blackstone and Green, 1999; Ameisen, 2002; Borrello, 2005) .
There is a common misconception that cells can survive without mitochondria, based on studies showing that both yeast and mammalian rho0 cells can be maintained and are capable of undergoing apoptosis (Jacobson et al., 1993) . Even though rho0 cells do not have oxidative phosphorylation because they lack mitochondrial DNA or have other mutations in nuclear genes that encode components of the electron transport chain, they do indeed still have mitochondria. Although these mitochondria are defective for oxygen consumption/respiration, they can generate a membrane potential, albeit reduced, as this potential is required for the import of proteins that carry out other essential biosynthetic functions unique to mitochondria (Li et al., 1995; Chandel and Schumacker, 1999; Tolkovsky et al., 2002) . There are examples of cells such as erythroid cells that dispose of their mitochondria (and nuclei) through an elaborate process (involving a Bcl-2 family protein) to become erythrocytes and carry out specialized functions, but such cells are terminal and have finite lifespans (Wagner et al., 2000; Launay et al., 2005) .
Another misconception that prevailed for many years was the idea that mitochondria were spared during apoptotic cell death because they were essential to provide the energy for this ATP-dependent process. Although this concept has some validity, the development of new tools has allowed investigators to appreciate that changes in mitochondrial morphology are perhaps the earliest morphological changes that occur upon activation of a cell death pathway (Zamzami et al., 1995; Mancini et al., 1997; Karbowski and Youle, 2003) . These and other observations again place mitochondria at the center stage in the regulation of programmed cell death, not only because they are targeted for destruction, but because they are also perpetrators of the cell death pathway.
Despite this acquired appreciation of mitochondria as central regulators of programmed cell death, there is now a growing awareness of the link between cell death mechanisms and bioenergetics (Vander Heiden and Thompson, 1999; Nicholls and Ward, 2000; Fox et al., 2005; Nicholls and Ferguson (2002) . However, with the advent of the molecular era of cloning and sequencing three decades ago, energetics fell out of vogue. It remains an unpopular subject for graduate students and there are few faculty members who claim to be experts. But energetics is undergoing a recrudescence and not just in the cell death field.
With the possible exception of caspases, the biochemical mechanisms by which cell death regulatory proteins, in particular Bcl-2 family proteins, either facilitate or inhibit programmed cell death, is simply not known. Perhaps one contributing factor is that the functions of these proteins are generally only studied after treating cells with a stimulus that triggers activation of the death pathway. Are these latent, potentially inert, death factors really synthesized in cells for years under the prospect of some day receiving a death signal? Do neurons really express caspases for the purpose of possibly committing cell suicide after 80 years? Perhaps this seemingly illogical strategy, when fully understood, will join the ranks of other seemingly inefficient processes (e.g., splicing and degrading away enormous amounts of hetRNA) where the price of inefficiency is repaid by the benefit of a well-governed complexity of checks and balances. Nevertheless, there is a growing body of evidence that many protein components of the core cell death machinery have yet undiscovered 'day jobs' in normal healthy cells (Figure 1) . If true, then either their biochemical 'day jobs' are accelerated or their alternate pro-death biochemical functions are activated, when a cell makes the decision to die.
The executioner mitochondrion
During apoptotic programmed cell death, one prominently observed event is the permeabilization of the mitochondrial outer membrane causing the release of molecules found in the intermembrane space. The release of intermembrane space components such as cytochrome c is generally thought not to destroy the outer membrane (Martinou and Green, 2001; Goldstein et al., 2005) . Once relocalized to the cytosol, cytochrome c activates caspase-9 by binding its regulatory subunit Apaf-1, a AAA ATPase-related protein with a C-terminal WD repeat protein (Li et al., 1997; Yu et al., 2005) . Additional pro-death factors that are released from mitochondria (e.g., AIF, SMAC/Diablo, Omi/Htr2A) were reported to activate both caspase-dependent and caspase-independent death programs, though controversies remain (Foghsgaard and Jaattela, 1997; Jaattela, 2002; Garrido and Kroemer, 2004; Saelens et al., 2004; Polster et al., 2005) . This mitochondrial outer membrane permeabilization (MOMP) occurs by an unknown biochemical mechanism that requires one or both of the pro-death multidomain Bcl-2 family proteins Bax and Bak (Hardwick and Polster, 2002; Green and Kroemer, 2004) . Genetic evidence verifies their importance because double Bax/Bak-deficient cells are remarkably resistant to caspase-dependent apoptosis induced by a variety of different stimuli Wei et al., 2001; Zong et al., 2001) . However, Bax and Bak must be activated before they induce MOMP, leading to the general attitude that in normal healthy cells Bax and Bak are dormant or held in check by anti-death factors. Their activation is triggered by a subset of the BH3-only proteins, the best known of which is Bid (Li et al., 1998; Luo et al., 1998) . The ability of Bid to activate Bax was clearly demonstrated by adding recombinant proteins to isolated mitochondria or to pure lipid vesicles loaded with cytochrome c or other material (Basan˜ez et al., 1999 (Basan˜ez et al., , 2002 Hardwick and Polster, 2002; Kuwana et al., 2002) . However, Bid also needs to be activated in cells by proteolytic cleavage or in vitro by detergent-induced conformational changes. In fact, a number of Bcl-2 family proteins are cleaved by caspases and other proteases to alter their functions (Cheng et al., 1997; Clem et al., 1998; Kirsch et al., 1999; Seo et al., 2004) . Other BH3-only proteins, such as Bad, are suggested to directly bind and inactivate the anti-death Bcl-2 family proteins (Puthalakath et al., 1999; Cheng et al., 2001; Wei et al., 2001) . The details of the often fleeting interactions between BH3-only proteins and other family members are not yet understood, but are thought to dictate the selection of binding partners among the various Bcl-2 family proteins (Huang and Strasser, 2000) .
A number of small molecules has been successfully designed to mimic the BH3 domain of these deathpromoting BH3-only proteins. These drugs can bind into a pocket on Bcl-2 and Bcl-xL, and are currently being exploited as anticancer therapies (Walensky et al., 2004; Fesik, 2005) . Although these drugs are generally thought to inactivate anti-death Bcl-2 family proteins, it remains possible that they also activate latent pro-death functions of Bcl-2 and Bcl-xL. In this scenario, the drugs would have an effect similar to proteolytic cleavage of Bcl-2 and Bcl-xL, whereby Bcl-2 and Bcl-xL gain the ability to potently kill cells and to release cytochrome c from intracellular and isolated mitochondria and from pure lipid vesicles (Cheng et al., 1997; Clem et al., 1998; Basan˜ez et al., 2001 ). An important outcome of the work on various BH3-only proteins (including Bid, Bad, Hrk, Bim, Puma, Noxa and several others) is that we are now armed with the understanding that the binding capacities of Bcl-2 family proteins differ in healthy and dying cells (Suzuki et al., 2000; Wilson-Annan et al., 2003; Jeong et al., 2004) . This was facilitated by the generation of antibodies that distinguish 'dormant' from death-activated Bax and Bak (Griffiths et al., 1999; Nechushtan et al., 1999) .
The victim mitochondrion
In some death pathways, the inner mitochondrial membrane potential is dissipated either before, or in the absence of cytochrome c release. This is thought to occur by a Bax/Bak-independent mechanism referred to as permeability transition (PT) (Ravagnan et al., 2002; Green and Kroemer, 2004) . Irreversible opening of the PT pore causes mitochondrial depolarization. The PT pore was suggested to consist of three molecules, cyclophilin D, the ADP/ATP carrier protein ANT/ ANC and the voltage-dependent anion channel (VDAC) (Kroemer and Reed, 2000) . Because the molecular composition of the PT pore is still debated, the PT pore is defined by its sensitivity to cyclosporine A, which binds to cyclophilin D. In contrast to most cell types, the PT pore in neurons is more resistant to cyclosporine A (Polster and Fiskum, 2004) . This may relate to expression levels of cyclophilin D in neurons or to differences in calcium handling by neurons. A number of genetic studies have confirmed the role of cyclophilin D in the PT pore (Baines et al., 2005; Nakagawa et al., 2005) . The role of ANT in the PT pore is currently debated. ANT-deficient cells were reported to undergo Baxindependent permeability transition normally, albeit at higher calcium concentrations (Kokoszka et al., 2004; Nakagawa et al., 2005) . However, both Bax and Bcl-2 are implicated in direct, or at least functional interactions with ANT, and are suggested to have opposite effects on ANT function (Belzacq et al., 2002; Verrier et al., 2004; Kroemer and Martin, 2005) . In addition, Bak was shown to bind directly to VDAC2 (Cheng et al., 2003) . Together with complex V (F 1 F 0 ATP synthase), ANT and VDAC are thought to coordinately exchange ADP and ATP across both mitochondrial membranes. Thus, the role of ANT and VDAC in mitochondrial energetics further links cell death regulation to normal cellular functions. During cell death, both PT and MOMP can occur in the same cell and there is considerable debate over the order of these events and their relative importance in cell death. Mitochondria also appear to be victimized by another protein complex, one that mediates mitochondrial fission. Fission and fusion of mitochondria occur every few minutes in healthy cells, both yeast and mammalian (Otsuga et al., 1998; Legros et al., 2002) . Organelle fission may be required to send mitochondria to distant sites where ATP is required, whereas fusion appears to be required for genetic complementation and maintenance of healthy mitochondria. Elegant yeast genetic studies identified two sets of genes, one that facilitates fusion whereas the other facilitates fission (Shaw and Nunnari, 2002) . Balanced fusion and fission of mitochondria results in tubular mitochondrial morphology. However, the details of these reactions are not known and are far less well understood than the vesicle fusion events studied in neurons and other cell types. Interestingly, activation of programmed cell death leads to excessive fission of tubular mitochondria into short punctate structures, also referred to as mitochondrial fragmentation. This shortening of mitochondria may be the earliest morphological change detected following a death stimulus (Breckenridge et al., 2003; Karbowski and Youle, 2003) . Although fission machinery appears to be a critical component of cell death-associated mitochondrial fragmentation, reshaping of thin tubular mitochondria into spherical shapes could also give the appearance of fission even though none has occurred. Mitochondrial fragmentation and/or other morphological changes may cause or result from damage to mitochondria that subsequently leads to malfunction and degradation of mitochondria. The degradation of mitochondria was suggested to represent the commitment point in the cell death pathway in some cell types (Xue et al., 2001; Tolkovsky et al., 2002; Fannjiang et al., 2004) .
Based on the role of Dnm1/Drp1 in yeast mitochondrial fission, and the observation that mammalian mitochondria fragment during cell death, the role of human Drp1/Dnm1 was investigated for its possible role in mammalian cell death (Frank et al., 2001) . Indeed, human Drp1 was shown to be responsible for the excessive mitochondrial fission/fragmentation that occurs during programmed cell death in mammalian cells (Frank et al., 2001; Breckenridge et al., 2003; James et al., 2003) . Furthermore, Drp1 plays an important role in cytochrome c release. This is based in part on the finding that a dominant-negative mutant of Drp1 that lacks GTPase activity (dnDrp1 K38A) inhibits cytochrome c release and mitochondrial membrane depolarization (Frank et al., 2001; Smirnova et al., 2001; Breckenridge et al., 2003) . Furthermore, dnDrp1(K38A) was reported to protect mammalian cells from a variety of death stimuli, including staurosporine, gamma irradiation, etoposide treatment and Bax overexpression (Frank et al., 2001) . Moreover, immunoelectron microscopy revealed that Bax colocalizes with Drp1 at constriction sites on mitochondria where organelle fission occurs (Karbowski et al., 2002 . Together, these studies brought new insight to mitochondrial death mechanisms, demonstrating that Drp1 plays a causal role in cytochrome c release during programmed cell death of mammalian cells.
'Day jobs' for pro-death mitochondrial proteins
Most agree that cytochrome c is an obvious example of a factor with both pro-survival (electron transfer from complex III to complex IV) and pro-death functions (activation of Apaf-1 and caspases). Similarly, AIF and other mitochondrial factors appear to have a role in both energetics as well as in cell death (Garrido and Kroemer, 2004; Vahsen et al., 2004) , but mitochondrial fission factors and Bcl-2 family proteins also claim this dual strategy.
In addition to Drp1/Dnm1, a dynamin-like GTPase, three other proteins were identified in yeast that are required for normal mitochondrial fission, Fis1, Mdv1/ Net2 and Caf4 (Bleazard et al., 1999; Sesaki and Jensen, 1999; Jensen et al., 2000; Shaw and Nunnari, 2002; Griffin et al., 2005) . A critical role for each of these factors in yeast mitochondrial fission is evident from the fact that deletion of any one of them results in fusion of normally tubular mitochondria into continuous nets. The small outer mitochondrial membrane protein Fis1 recruits cytosolic Dnm1/Drp1, facilitating its ability to cycle on and off mitochondria. The interaction of yeast Fis1 and Dnm1/Drp1 is mediated by bridging molecules (Tieu and Nunnari, 2000; Cerveny and Jensen, 2003; Griffin et al., 2005; Karren et al., 2005; Naylor et al., 2006) . The bridging factor Mdv1/Net2 is a WD repeat protein that has a partially redundant function with its closest homologue Caf4 (Griffin et al., 2005) . Both Fis1 and Dnm1/Drp1 are conserved in mammals, whereas Mdv1 and Caf4 lack obvious sequence similarity outside their WD repeats.
An important connection between the fission factor Drp1/Dnm1/Dlp1 and the Bcl-2 family was revealed by genetic studies in Caenorhabhditis elegans (Jagasia et al., 2005) . Similar to reports for mammals and for Drosophila (Ishihara et al., 2003) , worm Drp1 is required for mitochondrial division (Jagasia et al., 2005) . Strikingly, worm Drp1 also mediates caspasedependent programmed cell death in worms (Jagasia et al., 2005) . More importantly, the well-known antideath Bcl-2 homologue of C. elegans, CED-9, was surprisingly shown to promote (not inhibit) Drp1-induced death. Thus, like mammalian Bcl-2 and BclxL that have latent Bax-like death activities, CED-9 can also function as a pro-death factor, consistent with earlier, nearly forgotten, genetic evidence for pro-death activity of CED-9 (Hengartner and Horvitz, 1994a; Jagasia et al., 2005) .
These findings in worms have implications for Bcl-2 proteins in mammals. The dendrites of cortical neurons are covered with protruding spines, which are small dynamic structures that can form within minutes to make new synaptic connections. Interestingly, Drp1 is required to insert a mitochondrion into a spine following excitatory stimulation of the neuron (Li et al., 2004) . This finding fits with the idea that Drp1 mediates fission to send mitochondria to ATP-requiring locations such as neuronal synapses. Thus, it appears that Drp1 may support the energetic needs of synaptic transmission independently of its ability to induce cell death. The observation that Bcl-xL, Bak and Bax can alter synaptic activity in mouse and squid model systems, and can colocalize with Drp1 on mitochondria (Karbowski et al., 2002; Fannjiang et al., 2003; Jonas et al., 2003 Jonas et al., , 2005a , further suggests that Bcl-2 family proteins may regulate synaptic activity as well as cell death via a functional interaction with Drp1. If true, this would support a model suggesting that all pro-death factors also have pro-survival 'day jobs' (Figure 1) . Consistent with this idea, but contrary to the norm, endogenous Bax, Bak and Bad are potent anti-death (not pro-death) factors in some scenarios (Lewis et al., 1999; Fannjiang et al., 2003; Seo et al., 2004) . For example, hippocampal neurons and spinal cord motor neurons in Bak-deficient mice, and their derived tissues, are significantly more susceptible to cell death triggered by excitotic agents and neurotropic viruses. Furthermore, the survival of Bax or Bak knockout mice, and their derived brain slices, can be restored by overexpression of Bax or Bak (Lewis et al., 1999; Fannjiang et al., 2003) . Perhaps both anti-and pro-death Bcl-2 family members have pro-survival 'day jobs' but can be converted into death factors, some apparently more easily than others (Figure 2 ). Furthermore, mounting evidence suggests that even caspases have 'day jobs' involving the regulation of cell cycle progression and differentiation (Kennedy et al., 1999; Zermati et al., 2001; Launay et al., 2005; Su et al., 2005) . We and others have tried and failed to generate stable cell lines expressing caspase inhibitors such as poxvirus CrmA and baculovirus P35 (unpublished data). Perhaps this is because of their antiproliferative effects. In addition, zVAD, a broad-spectrum caspase inhibitor, blocks the opening of channels on intracellular mitochondria (measured electrophysiologically in presynaptic terminals) following exposure of the tissue preparation to hypoxia (Jonas et al., 2004 (Jonas et al., , 2005a . Furthermore, hypoxic conditions trigger zVAD-inhibited processing of Bcl-xL in these preparations. Thus, caspases may also have a role in the regulation of synaptic activity. Figure 2 Schematic diagram of a prototype Bcl-2 family protein containing the characteristic BH (Bcl-2 homology) domains, an unstructured loop domain, a C-terminal hydrophobic transmembrane domain (tm) and modification sites. CED-9 is the Caenorhabhditis elegans homologue of mammalian Bcl-2 proteins, and vBcl-2 represents several homologues encoded by viruses . Unlike cellular Bcl-2 family proteins, viral homologues cannot be converted into pro-death factors (Bellows et al., 2000) .
Programmed cell death is not restricted to multicellular organisms
It is well accepted that programmed cell death is an essential process in all metazoans to eliminate larval structures during metamorphosis, to match the number of neurons to their target tissues, to regulate expansion and involution of hormonally regulated tissues, to eliminate the vast majority of thymocytes because they have undesirable properties or autoreactivity and to prevent uncontrolled growth (Strasser and Bouillet, 2003) . But programmed cell death was generally considered unnecessary for single-cell organisms that do not form multicellular structures such as pseudohyphae of fungi or the seven 'cell-type' structures of sponges (Ameisen, 2002) . Nevertheless, it is possible that programmed cell death has an ancient origin to provide single-cell organisms with stress responses to nutrient deprivation and to guard against the spread of pathogens within a colony/species, and that these mechanisms were subsequently adapted to sculpt and maintain multicellular organisms and to prevent tumorigenesis.
It seems that the biggest difficulty for those new to the subject is the task of explaining how unicellular organisms select for 'death' genes during evolution, because the cell that exhibits this gain-of-death function is the one that dies and, therefore, should be selected against. Therefore, selection of a death gene, or a death program, in one unicellular individual that benefits the species (but not every individual cell) must not be manifested in every individual. This requires a longrevoked, but recently revived theory of group selection (Borrello, 2005) . Another major hurdle to this concept is the apparent deficit of conserved cell death regulators in yeast and other single-cell species. Although the question is still debated, many now subscribe to the idea that programmed cell death is essential for the survival of cellular species of all kinds. Of course, if yeast do undergo programmed cell death, the rich array of tools available for their study would promise to make them fertile territory for study of major unanswered questions in the field.
Programmed cell death in bacteria
The 'toxin/antitoxin immunity' proteins encoded on extra-chromosomal plasmids or viruses of bacteria are considered by many to be a type of 'programmed cell death' in which some members of the population die apparently to provide nutrients to the remaining individuals (Engelberg-Kulka et al., 2004) . Thus, this mechanism may allow adjustments in the size of the population to accommodate reduced nutrient supply, perhaps much like that proposed by Kerr et al., 1972 , when they coined the term 'apoptosis' to describe the observed reduction in liver size to accommodate the reduced blood supply caused by ligation of the portal vein (Kerr et al., 1972) .
A newly identified operon that provides sporulating Bacillus subtilis with a type of 'programmed cell death' was recently uncovered (Gonzalez-Pastor et al., 2003) . It was previously known that when nutrient deprivation threatens the entire population, a cell that is destined to sporulate produces a toxin-like 'death factor', as well as the machine that 'pumps' this 'death factor' out of the cell (an ATP-binding protein plus an ABC transporter) (Engelberg-Kulka and Hazan, 2003) . Once released, this 'death factor' can kill susceptible cells that are not destined to sporulate. Interestingly, the surviving cell also produces another extracellular factor, SdpC, that delays its own sporulation by turning on expression of ATP synthase and lipid catabolism enzymes (arguably an anti-death mechanism). This allows the surviving cell to take advantage of the new nutrient source supplied by dying cells. But it is important (for survival of the species) to prevent survival of the remaining cells not committed to sporulation, as sporulation is a highenergy effort thereby putting sporulating cells at a distinct disadvantage if new nutrients should become available, allowing non-sporulating cells to out-compete. Exciting new evidence suggests that SdpC produced by the surviving cell also promotes death in neighboring cells (that are destined to die) by triggering these destined-to-die cells to downregulate the expression of a gene encoding a protective factor (Gonzalez-Pastor et al., 2003; Ellermeier et al., 2006) . The authors refer to this as 'cannibalism', but because the surviving bacterial cell promotes a transcriptionally-regulated suicide program in the target bacterial cell, we prefer the term 'programmed cell death'. Analogies can be drawn to mammalian cells, as mammalian cells produce cytokines (e.g., tumor necrosis factor, interferon) and 'death factors' (e.g., perforin, granzymes) that together regulate gene expression and 'poke holes' to kill their neighbors.
Yeast programmed cell death and aging
Evidence for genetic cell suicide mechanisms in yeast was based in part on morphological characteristics of yeast treated with various insults (Madeo et al., 1999) . Yeast were reported to exhibit characteristics of apoptotic mammalian cells, including externalized phosphatidylserine on the outer leaflet of the plasma membrane, DNA degradation and chromatin condensation (Madeo et al., 1997 (Madeo et al., , 2002a . However, the mechanisms that explain these morphological changes are unknown, and may or may not be analogous to mammalian cells.
The failure to identify yeast homologues of Bcl-2 family proteins encoded on the yeast genome (Jin and Reed, 2002) raised doubts that yeast undergo programmed cell death. A potential biochemical link came from evidence that the Saccharomyces cerevisiae metacaspase, Mca1/Yca1, facilitates cell death in yeast (Madeo et al., 2002a, b) . However, the target substrates that are cleaved by this putative protease have not been identified.
Arguments supporting the idea that yeast have a purpose in dying were made by others who reported that yeast pheromones trigger programmed cell death in yeast that fail to mate, thereby providing a mechanism to preserve the benefits of recombination through mating and to regulate lifespan (Severin and Hyman, 2002; Herker et al., 2004) . Recently, yeast have joined the ranks of higher organisms as an aging model because genes that determine lifespan in worms, flies and mammals were found to regulate longevity in stationary phase yeast (Fabrizio et al., 2005) . Stationary phase yeast are suggested to better reflect the cellular events in metazoans, rather than log phase yeast, which arguably better reflect the characteristics of tumors and of mammalian cell lines (Longo et al., 2005) . Interestingly, some genes that promote replicative lifespan of log phase yeast, such as Sir2 (ortholog of mammalian Sirt1), have the opposite effect on the lifespan of stationary phase yeast (Rine, 2005) . That is, increased sensitivity to cell death, contrary to logic, promotes longevity of stationary yeast cultures. Perhaps, calorie restriction and the resulting programmed cell death in higher organisms serve to eliminate damaged cells, presumably by programmed cell death. A potentially beneficial consequence of this cell death is that continuous replacement of dying cells serves to maintain an active population of repair-competent pluripotent stem cells, arguably our fountain of youth.
Does yeast Dnm1/Drp1 also regulate programmed cell death in yeast? Because Drp1/Dnm1 promotes mitochondrial fission and cell death in both mammals and worms, then it is possible that yeast Drp1/Dnm1 also has a role in regulating an evolutionarily conserved programmed cell death pathway present in yeast. On the other hand, if programmed cell death did not arise until multicellular organisms appeared during evolution, as is commonly thought, then the pro-death function Drp1/ Dnm1 presumably would not be preserved in yeast. To the contrary, yeast Drp1/Dnm1 also promotes programmed cell death in yeast Ivanovska and Hardwick, 2005) . Similarly, the yeast homologue of AIF promotes cell death in yeast (Vahsen et al., 2004; Wissing et al., 2004) . These examples provide new evidence that indeed programmed cell death is an ancient process.
Yeast regulators of mitochondrial cell death
As described above, yeast Dnm1, metacaspases, and AIF promote programmed cell death in both yeast and mammals. Therefore, yeast likely encode many additional genes that regulate programmed cell death. We initiated a screen of the 52 96-well plate library of yeast knockout strains for regulators of cell death. The yeast gene for Dnm1/Drp1 fission factor happens to be located on library plate No. 1 of the library collection. The yeast Ddnm1 deletion mutant in the library was resistant to cell death stimuli, verifying the assay employed (Figure 3) . The portion of the genome of any species that is dedicated to, or connected to, the regulation of cell death is currently unknown. However, if the analysis of this one library plate, approximately 1.5% of genes in S. cerevisiae, is representative of the proportion of all genes that promote or inhibit cell death, then we have only just begun to scratch the surface.
Fis1 unexpectedly inhibits yeast cell death Fis1 was of particular interest because it shares some physical properties with human Bcl-2 proteins even though it lacks significant amino acid sequence similarity. Yeast Fis1 (18 kDa) is slightly smaller than Bcl-2 family proteins (about the size of viral Bcl-2 proteins). It localizes to the outer mitochondrial membrane via its C-terminal hydrophobic-basic domain with its Nterminus in the cytosol, similar to Bcl-2 (Shaw and Nunnari, 2002; Tieu et al., 2002) . Unlike Bcl-2, the three-dimensional structures of yeast, human and mouse Fis1, solved by three different groups, revealed that Fis1 is a tetratricho-peptide repeat (TPR) protein that is most superimposable with one of the TPR motifs in the peroxisomal protein Pex5, but is perhaps the most similar in overall structure and size to the mitochondrial import protein Tom20 (Abe et al., 2000; Suzuki et al., 2003; Dohm et al., 2004) . Nevertheless, recombinant yeast Fis1 protein forms small pores in pure lipid membranes that are permeable only to molecules under 500 Da, similar to human Bcl-xL, although the physiological relevance of this biophysical property of yeast Fis1 is not known.
Unexpectedly, treatment of wild-type yeast with acetic acid as a death stimulus that partially mimics overgrowth conditions, revealed that yeast Fis1 inhibits cell death . This outcome was contrary to prediction because, like Dnm1/Drp1, Fis1 promotes mitochondrial fission. Nevertheless, this function of Fis1 prevailed with multiple death stimuli, multiple different assays of cell death and in several yeast strains. Double knockouts of Fis1 with Dnm1/ Drp1 or with the metacaspase Mca1/Yca1 restored the survival of the Dfis1 knockout, indicating that Fis1 inhibits cell death mediated by these pro-death factors. The implication from these studies was that Fis1 would not be required for mitochondrial fragmentation during yeast cell death. As expected, the net-like structures of mitochondria in yeast lacking Fis1 rapidly fragment during cell death. Thus, it appears that Fis1, found in a protein complex with Dnm1/Drp1, both promotes and limits the action of Dnm1/Drp1. Mammalian Fis1 may have a similar function, though most have reported only its fission function (James et al., 2003; Lee et al., 2004) . This dual role of Fis1 is reminiscent of CED-9 that inhibits cell death in worms, but also promotes cell death in a Drp1-dependent manner (Hengartner and Horvitz, 1994b; Jagasia et al., 2005) (Figure 2 ).
Yeast viruses induce programmed cell death
Programmed cell death could have arisen in unicellular organisms as a defense mechanism analogous to mammals where virus-induced apoptosis is a host defense response to block virus transmission (Everett and McFadden, 1999) . However, there are no viruses known that cause acute de novo infections of S. cerevisiae to directly test this hypothesis. In an alternative model in mammals, virus-induced apoptosis is responsible for the pathogenesis caused by viruses such as HIV and mosquito-borne encephalitis viruses (Levine et al., 1993; Hardwick, 1997; Colo´n-Ramos et al., 2003) . Most wild yeast strains are persistently infected with viruses, such as the dsRNA L-A virus and associated satellite dsRNA M viruses (Wickner, 1996) . Because these viruses are 'cell-associated', they are transmitted to a new host by cell-cell fusion during mating rather than by infection with cell-free virus. Thus, yeast viruses share analogies with some prevalent sexually transmitted human viruses (e.g., herpesviruses, retroviruses) that reside in their human hosts throughout life.
M1 and M2 viruses of S. cerevisiae each encode a preprotoxin protein (Wickner, 1996) . These preprotoxins are cleaved by the proteases Kex1 and Kex2 to produce disulfide-linked a and b chains that compose the active secreted M1-and M2-encoded toxins (designated K1 and K2, respectively). The organization of the yeast M1 virus preprotoxin domains, their activating proteases and cleavage site specificities are analogous to mammalian preproinsulin. The M1 preprotoxin also provides immunity to its own K1 toxin, but not to the other toxins. However, the molecular details of toxininduced death are not understood, and less is known about the mechanisms of toxin immunity. K1 toxin can form pores in the target cell membrane that can be measured by patch-clamp analysis, and were assumed to kill cells by permeabilizing the cell membrane (Martinac et al., 1990) .
Given the pore-forming function of mammalian Bcl-2 proteins, together with their structural similarity to bacterial toxins (Muchmore et al., 1996) , it was not a big leap to think that these yeast viral toxins could induce programmed cell death in yeast. The M1 killer virus triggers cell death that is mediated by the mitochondrial fission factor Dnm1/Drp1, the K þ channel Tok1, and in part by the metacaspase Mca1/Yca1 genes encoded by the target cell (Ivanovska and Hardwick, 2005; Reiter et al., 2005) . This virus-host relationship in yeast resembles that of pathogenic human viruses that persist in their infected host cells but trigger programmed cell death of uninfected cells (e.g., HIV). These studies suggest that an evolutionarily conserved cell death pathway provides single-cell organisms with a type of host defense or innate immunity.
Yeast as models of mitochondrial cell death in mammals
Yeast may ultimately be found to encode a functional analogue and/or a protein with Bcl-2-like three-dimensional structure. This idea is consistent with the observation that overexpression of human Bcl-2 improves survival of yeast lacking superoxide dismutase (Longo et al., 1997) . Furthermore, human Bcl-2 and Bcl-xL can replace the anti-death function of yeast Fis1, and also inhibit yeast mitochondrial fragmentation following a death stimulus . It is conceivable that human Bcl-2 family proteins protect yeast and plants from cell death by forming pores as they do in pure lipid membranes. For example, if they act like a mitochondrial uncoupling protein by causing a proton leak across the inner mitochondrial membrane, they could potentially protect any type of cell from cell death by building up the respiratory function of cells in the event of an insult. In a similar manner, UCP2 was shown to inhibit cell death in neurons (Baranger et al., 1995) . Thus, human Bcl-2 family proteins could theoretically act independently of all other yeast and plant proteins to explain their nearly universal ability to inhibit cell death. However, a nonspecific, potentially unregulated mitochondrial pore formed by a foreign protein is not a particularly attractive model to explain the anti-death function of human Bcl-2 proteins in yeast. Perhaps a more plausible model is one in which Bcl-2 family proteins interface with an evolutionarily conserved mitochondrial pathway present in plants, yeast and mammalian cells. In this case, yeast model systems may serve to unravel the major yet unsolved questions about their mechanisms of action. Certainly mitochondrial energetics would be a candidate mechanism where Bcl-2 proteins could mediate conserved biochemical functions common to essentially all eukaryotic cells.
